The heats of co mbustion of ten C4 hydrocarbons were meas ured b y combustion of t he gaseous hydrocarbon in a flame at constant pressure in a glass reaction vessel in a calorimeter. The calorimeter system was calibrated by means of electrical e ne rgy.
I. Introduction
The present investigation, sponsored by the U. S . Office of Rubber Reserve, is a continuation of the thermochemical investigation of monomeric compounds [1] 2 of importance in the national synthetic rubber program, and is also a part of the work of the thermochemical laboratory of this Bureau on the determination of the heats of formation of compounds of importance to industry and science.
Calorimetric measurements have b een made of the h eats of combustion at constant pressure of n -butane, 2-methylpropane (isobutane), I-butene, cis-2-butene, trans-2-butene , 2-methylpropen e (isobutene), 1,2-butadiene, 1,3-butadiene, I -butyne (ethylacetylene), and 2-butync (dimethylacetylene).
Values of h eats of isomerization, obtained as the differences in the heats of combustion of corresponding isomers , are also reported. Combination of the heats of combustion with the heats of formation of water and carbon dioxide yields values for th e heats of formation of these compounds . The description of the determination of the heat of isomerization of 1-3-butadiene to 1,2-butadiene has b een previously published [1] . For that determination it was not necessary to determine the electrical energy equivalent of th e calorimeter system. The calorimeter system has been calibrated with electrical energy as part of this investigation, thus yielding new values for the heats of combustion of these two compounds.
II. Method
The units of energy, molecular weights, and m ethod of assigning uncertainties are the same as previously describ ed [1] .
The r elative values of the heats of combustion of these compounds were determined as described previously [1] . This involved the determination of a constant B (eq 3 of [1] ) from a series of calorimetric combustion experiments on each compound, where B is essentially the t emperature rise of the calorimeter system per gram of carbon dioxide formed in the combustion of the hydrocarbon. A standard calorimeter system and approximately the same temperature interval were used in all experiments. The temperature rise was measured as the increase in resistance of the given platinum resistance thermometer as determined on the given resistance bridge.
To determine the absolute values of the h eats of combustion of these compounds, it was necessary to determine the electrical energy equivalent E s of the calorimeter system. This was done by using electrical en ergy to produce the same temperature rise in the standard calorimeter system as was produced in the calorimetric combustion experiments. The experimental value of the h eat evolved per mole of hydrocarbon r eacting is -!:lHc = E s·B-(44.010)n, (1) where 44 .010 is the molecular weight of carbon dioxide, and n is the num_ ber of moles of carbon dioxide per mole of hydrocarbon (n is 4 for these C4 compounds) .
III. Apparatus
Calorimeter Systems
The calorimeter assembly, thermometric system, reaction vessel, and sparking system have been described in the paper on the h eat of isomerization of the bu tadienes [1 ] . Two changes wer e made in the calorimeter system during the course of this work, necessitating the consideration of thTee systems, I, II, and III.
The calorimetric combustion experiments on the two butadien es [1] and the two butanes were performed , using system I. After calibration of system I with electrical energy, the Mueller resistance bridge, Number 404, was replaced by a n ew Mueller resistance bridge, Number 679195 . The calorimetric combu tion exp eriments on the two butynes wer e performed , using this calorimeter system II. After calibration of system II with electrical energy, the Picein-coated calorimeter h eater (1] was r eplaced by a new calorimeter h eater. The calorimetric combustion experiments on the four butenes and a series of electrical energy calibration experiments wer e th en performed on calorimeter system III. Platinum resistance thermometer No. 262214 was used throughout this investigation.
The Picein on the old Picein-coated h eater would occasionally crack , causing electrical leakage; or would chip off, causing a change in heat capacity, therefore, a n ew h eater was made that was completely encased in copper. The n ew heater was wound on a thin copper cylinder 3 in. in diameter , 3 in. high , and 0.016 in. thick. This cylinder was cover ed by a sheet of mica, 0.003 in. thick, over which was wound, noninductively, a h eater of about 65 ohms of enameled manganin r es istance wire, No. 30 A WG. This wire was covered by another sh eet. of mica and another close-fitting machined copper cylinder, 0.016 in. thick, was slipped over the asembly, and the two copper cylinders were soldered together at the ends (the inner cylinder having b een originally machined with a lip at each end so that th e two cylinders fitted very closely together at t h e ends and with just room e nough for th e wire and the two sh eets of mica in the body). A thin copper tub e was soldered on to the ou tel' copper cylinder to carry the enam eled copper wire leads, No . 28 AWG, through th e water in the calorimeter can . Th e assembled h eater wa nickcl-plated and poli shed.
Apparatus for Measurement of Electrical Energy
Th e apparatus and anangement for measuring the electrical en ergy during the calibration experiments was es ent ially th e sam e as that describ ed previously (2] . A new Wenner poten tiometer (range 0 to 100, OOO,u v), N umber 684695 , was used to m easure the po tential drops across t h e stan dard r es istors. This potentiometer was calibrated by the R es istance Measurements Section of this Bureau immediately preceding t his series of experiments, and th e potentiometer r atio was determined (3] at the time of each experiment with electrical energy. The potentiometer ratio was determined by connecting in series a 10-ohm standard resistor, a 100-ohm standard resistor, a variable resistance, and an auxiliary battery. The current through this circuit was adjusted, by use of the variable resistance, so that the po tential drop across the 100-ohm standard resistor was equal to th e emf of the standard cell. This comparison was m ade by first adjusting the potentiometer working current, using the standard cell, then r eplacing th e standard cell ' with the potential leads from the standarcl resistor. When these were equal, the potential drop across the 10-ohm standard r esistor was r ead on the potentiometer. The ratio of this reading to the true po tential drop, as calculated from the known ClUTen t flowing through the standard r esistors, is the potentiometer ratio.
The standard cell and standard resistors used wer e calibrated by the Electroch emistry Section and R esistan ce Measurements Section of this Bureau , r esp ecti.vely, at intervals of a bout 1 year. The electrical power was computed as the product of the potential drop p er ohm across a O.l-ohm standard r esistor in series with the calorimeter h eater and the potential drop across th e calorimeter h eater , corr ected for the current through the standard r esistors in parallel with the calorimeter heater. The potential drop across the latter was determined from th e potential drop across a 10·ohm standard resistor in series with a 10,000 ·ohm standard r esistor, both of which were in parallel with the h eater.
The current was diverted from the external "spill" coil to the calorimeter h eater and b ack again with the use of an automatic switch , (4] , which was activated by seconds signals obtained from th e Time Section of this Burea u.
IV. Chemical Procedure
Purity of the Compounds
The source and purity of the 1,2-butadiene and 1,3· bu tadiene were previously reported (1] .
The 1-butyne and 2-butyn e were API-NBS samples purified by the American P etroleum Institute R esearch Proj ect 6 from material supplied by the American Petroleum Institute R esearch Project 45 at the Ohio State U niversity, through C. E. Boord. The purities of these two samples were reported (5 , 6] as follows, in mole percent: 1-butyne, 99.88 ± 0.07 ; 2-butyne, 99.959 ± 0.038.
The 2-methylpropene (isob utene) was supplied by th e Standard Oil D evelopmen t Co ., through W . J. S weeney, and h ad a purity of 99.75 ± 0.10 mole p er cent, as determined from measurements of thc freez ing point (7] by A. R. Glasgow, Jr., of this Bureau.
The n -butane, 2-methylpropane (isobutan e) , 1-bu tene, cis-2-butene, and trans-2-butene were Re·· search Grade hydrocarbons supplied by the Phillips Petroleum Co. through R. C. Alden and F. E. Frey. The pmities of each of these samples, excep t I-butene, were determined from m easurements of freezing points (7] by A. R. Glasgow, Jr., and A. J . Streiff (of the American P etroleum Institu te R esearch Project 6) as follows, in mole p ercen t: n-butane, 99.78 ± 0.08 ; 2-methylpropane (isobutane), 99.88 ± 0.06; cis-2-buten e, 99 .74 ± 0.1 0 ; trans-2-buten e, 99.32 ± 0.08 . The purity of th e I-butene was reported by th e Phillips P etroleum Co ., from measurements of freezing points, supplemen ted by mass spectral analysis, to b e 99.88 mole percent.
I t is b elieved that in each case th e impurity was predominan tly isomeric and present in such small amount that the value of th e h eat of combustion was not significan tly affected.
Purity of the Reaction of Combustion
As a ch eck on the purity of the reaction of combustion , both the water and carbon dioxide were collected and the masses determin ed for most of the exp eriments. The r es ults of th ese determinations ar e o·iven in table 1, in which are listed, for each substan~e, the numb er of exp eriments, the m ean value of th e stoichiometric ratio, r , of number of moles of carbon dioxide to th e numb er of moles of water collected multiplied by the factor bj2a (where CaHb is the empirical formula of the hydrocarbon) , and th e standard deviation of the m ean. "Blank" corr cctions to th e weigh ts of the carbon dioxide and water absorption tubes wer e taken into acco un t, insofar as th eir effect on th e ratio r was concerned , in conjunction with th e procedure describ ed b elow (section VI, 2) for determining the "ignition" e.n ergy. These ignition-energy exp cnm ents .were p er.formed in the sam e ma. nn cr as th e combustwn cxp erIments, except that th e flamc was allow:d to. burn only about 40 sec. instead of about 20 mm. as m thc regular combustion experiments. Thc procedure of handlino' the tubes and length of time of fI ushin g of th e reaction vessel with oxygen were made the sam e. Any blank corrections to the \~T eights of the absorption tubes due to fluslung wIth oxygcn or to the absorption of unburn ed hydr<?carbon in the absorption tub es as th e result of any mcomple te combustwn during th e ignition and extinction of the flame, were taken into account in th e followin g manner. Th e deviation of the ratio r from unity for these short-time ignition exp erimcn ts was translated into an excess or deficiency in the mass of water collected . This correction was applied to th e mass of water collected in the regular combustion exp eriments in calculating thc ratio l' given in tablc 1. The h cat effect of any possible incomplete combustion during the ignition or extinction of the flame was taken into acount also by th e m ethod of determining the ignition energy. With this procedure the h eat of combustion was in rcality determined from the portion of the combustion when the flame was in a steady state, any constan t errors associatcd with thc ignition and extinction of th e flame canceling out.
Samplcs of th e products of combustion were analyzed for carbon m onoxid e, tIl e most likely produ ct of incomplete combustion , b y the Gas Chemistry Scction of thi s B ur eau [8] . In no casc was th c total amount of carbon monoxide greater th an 0.004 per· ccn t of the amoun t of carbon dioxid e form ed in th e combustion h en ce no corrections were appl ied for this small a: mount of carbon monoxide.
Determination of the Amount of Reaction
For each calorimetric combustion exp erimen t, th e amount of r cactionwas determined from the m ass of carbon dioxide formed, taking 1 mole or 44.010 g of carbon dioxide as equivalent to one· · fourth mole of these C4 h ydro carbons. No blank correctjons wer e applied to th e weigh ts of th e carbon dioxide absorp tion tubes, sin ce these corrections, if significan t, "vere au tom atically translated into igni tionen ergy corrections.
V. Calorimetric Combustion Experiments
Procedure
The calorimetric combustion experiments were p erformed as describ ed in th e paper on the h eats of isomerization of thc butadien es [1] . For each of these differ en t hy dro carbons, it was n ecessary only to vary the amoun t of primary oxygen enterin g th e reaction vessel to produce a blue flame with a sharp inner con e to insure complete combustion of th e hydro carbons. The rate of flow of the h ydr-ocarbon was set such as to produce upon combustion the required temperature rise of 4° C in the colorim eter system (equivalent to about 60,000 j of energy) in a period of a,bout 20 min. The secondary oxygen rate was set such that the total oxygen (primary plus secondary ) was about 150 p ercent of that required stoichiometrically for complete combustion .
In the exp eriments wi th 2 ·bu tyne, which is normally a liquid at room temperature, th e vapor was in troduced into the calorimeter , using h elium as the carrier gas. Any combustible impurities in the helium were removed b y pass ing the h elium through a tub e packed with copper oxide and maintained at about 600 0 C, then through, separate tub es containing ascarite, magnesium perchlora te, and phosphorous p entoxide. The rate of flow of h elium was determin ed with a bypass flowmeter, and at the proper instant during an expcrimen t, the helium was bubbled through a fritted-glass bubbler into th e liquid 2-bu tyn e (at 15° C) and fed directly into the calorimetric reaction vessel.
Determination of the "Ignition" Energy
Experiments to determine the energy associated with th e ignition and extinction of the flam e (ignition-energy experiments [1 ] ) were p erf.::nmed on each compound in the sam e manner as t h e r egular combustion experimen ts, except that the flame was allowed to burn for only about 40 sec. The en ergy con tributed by th e combustion of the hy dro carbon , as determin ed from th e mass of carb on dioxide collected and an approximate valuc for th e h eat of combustion of th e hy drocarbon, was subtracted from th e total en ergy liberated in the short-time exp eriments, to yield the ignition energy.
The m ean ignition energies (with their stan d ard deviations) as dete nn in ed by such experiments werc as foll ows : 1,3-bu tadiene and 1,2-butadiene,
tmns-2-bu tene, 48.7 ± 0.2 j ; 2-methylpropen e, 43.0 ± 2.5 j . T h e uncer tainties in these ignition en ergies were taken into account in calculating the final uncer tainties assign ed t o th e heats of combustion.
Results of the Calorimetric Combustion Experiments
The r esul ts of th e calorim etri c combustion exp erim en ts arc given in t a ble 2, in which arc li sted for each compound th e following qu antities: th e exp erim ent numb er ; t;;.Rc, the correct ed temperature ri se of th e calorimeter expressed in ohms; the mass of carbon di oxid e formed ; qg and qu, the qu an t ities of ----------h ef\,t evolved in addition to that e\Tolved by th e stan dard calorimetric process [1] ; gi, th e igni tion en.ergy; B, the temper a ture rise in ohms of th e calorimeter sys tem cont ribu ted by th e s tandard calorimetric process per gram of carbon dioxi de form ed ; and th e m ean value of B , t ogethcr with i ts standard deviation. The data on 1,3-bu tacli en e and 1,2-bu tadien e have previously b een published [1] , and only th e m ean value of B , togeth er wi th its standard deviat ion , ar e given here. TheRe values cliffeI' from the previously publish ed values [1] of B du e to th e use here of th e actual igni tion en ergv in stead of the " spar king" en ergy and du e to a ch ang"e in the calorimete r system b etween the tim e of th e combus~ion experiments and the electri cal en ergy exp eriments n eees.:;itated by r epairs to th e reaction vessel. 
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VI. Electrical Energy Experiments 1. Procedure
The calorimetric procedure used in the electrical energy experiments was the same as in the combustion experimen ts [1] , except that electrical energy instead of chemical energy was supplied during the reaction period. The voltage across the 65-ohm calorimeter heater was about 60 v, and the time of heating was about 20 min. (about the same length of heating time as in the combustion experiments).
Results of the Electrical Energy Experiments
The results of the electrical energy experiments are given in table 3, in which are listed, for the experiments on calorimeter systems I, II, and III, the following quantities: The experiment number; !1Rc, the corrected temperature rise of the calorimeter system expressed in ohms; the amount of electrical energy supplied to the calorimeter; E s , the electrical energy equivalent of the calorimeter; and the mean value of E s , together with its standard deviation. To test for systematic errors, several series of experiments were performed in which the voltage supplied across the calorimeter heater was 35 to 40 v instead of 60 v, thus making the heating period (40 to 50 min) at least twice as long as the usual 20 min. The resulting electrical energy equivalents obtained from three such experiments on calorimeter system I was Es=154253±41, from five experim ents on calorim eter system II was Es= 154341 ± 5, and from five experiments on calorimeter system III was E. = 154568 ± 10 (standard deviation of the mean).
Since these experiments were performed under conditions greatly different from the usual electrical energy experiments or the calorim etric combustion experiments, it was concluded that the heat leak corrections were being made properly and that the rate of stirring of the water in the calorimeter vessel WIl,S adequate. 
it is only necessary to take account of the change in heat content for each gas from its given pressure to zero pressure, so that each substance will have the heat content of the thermodynamic stan.dard state. The heats of formation were calculated from the heats of combustion utilizing the values of 68.317 ± 0.010 kcal/mole [10] and 94.052 ± 0,011 kcal/mole [17] for the heats of formation of water and carbon dioxide, respectively.
The heats of isomerization are the differences in the heats of combustion, but the uncertainty is lower than the combined lllcertain ties of the heats of combustion since the electrical energy equivalent of the calorimeter system need not be known precisely [11] . These heats of isomerization apply to the reaction of forming the particular isomer from the first isomer listed. The heaLs of hydrogenation were derived from the h eats of combustion of the compounds involved, combined wi th th e h eat of formation of water. These h eats of hyclTogenation apply to th e r eaction of hyci.roo·enation of th e particular unsaturated compound to form th e parent atUl"ated hydrocarbon , n-butane or 2-methylpropane.
----- Some additional heats of isomerization, hydrogenation (or dehydrogenation), or both isomerization and hydwgenation (or dehydwgenation) are given in table 5. Hydrogen is on e of the r eactants (or products) if the l'eactioninvolves hy drogenation (or dehydrogenation ). ___ ---------------------------------- 
VIII. Comparison with Earlie r Data
The r esults of the present investigation arc compa.red in table 6 with earlier data on h eats of combustion and heats of hydrogenation_ It is to b e noted that the earlier data from this laboratory [12, 13] on n -butane and isobutane differ from th e data of the present in vestigatioll by an amount significantly g reater than the estimated uncertainty of the differencc _ 0ne of the authors (Rossini) has carefully reviewed the earlier data but has been unable to discover any rea on for the indicated differ ence other than the possibility that the earlier samples of n-butane and isobutane were not as pure as believed_ The purity of the earlier samples of n-butan e and isob utane was not determined from m eas urem ents of freezing points but from differential vapor-pressure m eas urements, quantitative evaluation of which involved assumptions as to the impurities presen t in the samples. The accord of the data of the present investigation with the data on heats of hydrogenation by Kistiakowsky and co workers [14, 15, 16] is very good, except in the case of trans -2-butene, for which the difference is only slightly greater than the combined uncertainties.
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